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ORIGINAL ARTICLE 

Long-term effects of maternal immune activation on 
depression-like behavior in the mouse 

D Khan 1 , P Fernando 1 , A Cicvaric 1 , A Berger 2 , A Pollak 2 , FJ Monje 1 and DD Pollak 1 

Depression is a debilitating mental disease affecting a large population worldwide, the pathophysiological mechanisms of which 
remain incompletely understood. Prenatal infection and associated activation of the maternal immune system (MIA) are 
prominently related to an increased risk for the development of several psychiatric disorders including schizophrenia and autism in 
the offsprings. However, the role of MIA in the etiology of depression and its neurobiological basis are insufficiently investigated. 
Here we induced MIA in mice by challenge with polyinosinicipolycytidylic phosphate salt — a synthetic analog of double-stranded 
RNA, which enhances maternal levels of the cytokine interleukin-6 (IL-6) — and demonstrate a depression-like behavioral phenotype 
in adult offsprings. Adult offsprings additionally show deficits in cognition and hippocampal long-term potentiation (LTP) 
accompanied by disturbed proliferation of newborn cells in the dentate gyrus and compromised neuronal maturation and survival. 
The behavioral, neurogenic and functional deficiencies observed are associated with reduced hippocampal expression of vascular 
endothelial growth factor (VEGF)A-VEGFR2. IL-6-STAT3-dependent aberrant VEGFA-VEGFR2 signaling is proposed as neurobiological 
mechanism mediating the effects of MIA on the developing fetal brain and ensuing consequences in adulthood. 
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INTRODUCTION 

Early life events are reported to have a profound effect on the 
physiological and psychological development of an organism. 
Evidence in literature suggests that traumatic events during early 
stages of life, including the pre- and perinatal period are 
associated with an enhanced risk for psychiatric morbidities later 
in life. 1-3 Among the multiple potential early life adversities, 
several lines of evidence suggest infections during pregnancy as a 
powerful factor contributing to the development of mental 
illnesses in adulthood. 4-6 

Major depressive disorder is a highly complex mental illness 
affecting a large percentage of the population worldwide, 7 the 
underlying neurobiological mechanisms of which remain poorly 
understood. Although several brain structures are known to be 
involved in the neural circuitry of depression, the role of the 
hippocampus has gained considerable attention over the past 20 
years. 8,9 Rodent models of depression demonstrate a reduction in 
adult hippocampal neurogenesis, 10 dendrite reorganization 11 and 
structural rearrangement of the hippocampus. 9,12 Moreover, the 
'neurogenesis hypothesis of depression' states that the patho- 
physiology of depression is related to alterations in adult 
hippocampal neurogenesis, which can be bidirectionally modu- 
lated by exposure to stress and antidepressant treatment. 13,14 

The search for the underlying molecular mechanisms have 
provided evidence for an involvement of altered neurotrophic and 
growth factor in the neurogenic deficiencies associated with 
depression. 15 Here, vascular endothelial growth factors (VEGF) 
have recently become a focus of investigation based upon a series 
of studies indicating a neuroprotective effect of VEGF and its 



contribution to adult hippocampal neurogenesis. 16 Conversely, 
pro-depressogenic factors, such as exposure to various type of 
stress, including immune stress, are known to affect expression of 
VEGF and other neurotrophic factors, thereby contributing to the 
development of depression. 17 

Although prenatal social stress has been tightly linked to the 
suppression of hippocampal neurogenesis 18,19 and subsequent 
behavioral 20 and cognitive 21 dysfunctions related to depression in 
adulthood, a possible involvement of immune stress resulting 
from maternal infections during gestation has not been system- 
atically investigated in this context. Excellent mouse models of 
maternal immune activation (MIA) have been previously 
described, where an induction of a specific set of cytokines in 
the maternal and fetal compartments 22 leads to endocrine 
changes in the placenta 23 and subsequent alterations in fetal brain 
development. 24,25 For this study, we have employed this mouse 
model to address the role of MIA in the subsequent development 
of depression-like behavior and to examine its morphological, 
functional and molecular correlates in the hippocampus of adult 
offsprings. 



MATERIALS AND METHODS 

Animals 

C57BL/6 N mice used for the study were purchased from Charles River, 
Sulzfeld, Germany. All behavioral studies, neurogenesis analysis, gene 
expression analysis and electrophysiological studies were carried out on 
adult male offsprings from maternal immune activation with polyinosinic: 
polycytidylic phosphate salt at embryonic day 12.5 (PIC) and age-matched 
control animals. Animals were housed under standard conditions and all 
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animal procedures were approved by the Austrian Ethics committee for 
animal testing (GZ 66.009/268-ll/3b/201 1). 



Breeding 

Female mice (10-14 weeks) were subjected to previously described timed 
mating procedures. 26 Female mice were housed in groups of five animals 
per cage for 7 days. The bedding of female cages was replaced with used 
bedding from male animals for a 48h period. At the end of this time, each 
female was introduced to a single housed male 1 h before the onset of the 
dark period of the light cycle. The development of vaginal plugs was 
ascertained the following morning within 1 h of the onset of the light 
phase of the light cycle, and confirmation of a vaginal plug at this time was 
denoted at embryonic day 0.5 (E0.5). 27 

Behavioral studies 

Animals were habituated to the experimental room for 30 min before the 
start of behavioral experiments. Mice underwent a battery of behavioral 
tests prior to depression evaluation. 

Sucrose preference test. Sucrose preference testing followed a previously 
described protocol. 28 Sucrose preference was calculated as a percentage of 
liquid consumption during the 3 h testing period. 

Forced swim test. Forced swim test was modified from previous studies 28 
Mouse behavior patterns were tracked by VIDEOTRACK (PORSOLT) 
software provided (Viewpoint, Champagne au mont d'Or, France). The 
test had a total duration of 6 min and the last 4 min of the test were used 
for the analysis of immobility. 

Morris water maze (MWM). MWM followed a set up previously 
described 29 The spatial acquisition phase consisted of three trials per 
day (120 s each) over the course of 3 days. Using distal cues, mice had to 
find a submerged platform (in the target quadrant) in the opaque testing 
pool. The testing pool was made opaque by nontoxic white paint 
(Viewpoint). Mice were tracked from above the experimental setup by a 
camera coupled to computational tracking software (Videotrack [02- 
WATERMAZE-NSHD-LBW] Viewpoint). Probe trial consisted of one session 
(60s) without the submerged platform. Time spent in the target quadrant 
as compared with the time spent in the other three quadrants was 
evaluated for the first 15 s of the probe trial. 

Open field. Locomotor activity was monitored by a computational 
tracking system (Activity Monitor, MedAssociates, St Albans, VT, USA). 
Total distance covered in the 60min testing time was recorded using a 
protocol previously described 29 

Rota rod. Rota rod (USB Rota Rod 'SOF-ENV-57X', Medassociates) test was 
performed in triplicate for each mouse at 5 min sessions in order to 
evaluate motor coordination following a published procedure 29 



Maternal immune activation 

Polyinosinicpolycytidylic phosphate salt (Poly(l:C) (Sigma, Vienna, Austria) 
and vehicle control (0.9% NaCI) were administered to pregnant dams at 
embryonic day 1 2.5. The 20-mg kg -1 dose of Poly(l:C) was calculated based 
on the weight of Poly(l:C) in the mixture itself 23 The volume of injections 
was held at 10 ml kg -1 . All injections were administered intraperitoneal^. 



Cytokine response analysis 

Plasma collection. Mice were injected with Poly(l:C) 20 mg kg" 1 (PIC 
stimulated) or NaCI (Control) and were deeply anesthetized after 3 h using 
a ketamine/xylazine cocktail (100mg per lOmg intraperitoneal^; Ketasol, 
Graeub Veterinary Products, Bern, Switzerland/Rompun, Bayer, Bayer 
Animal Health, Leverkusen, Germany). Transcardial blood collection was 
performed using a 20-G needle, and the blood was transferred to 
autoclaved Eppendorf tubes containing heparin solution (working stock 
1000 U ml -1 ; 7.5 U heparin per 200 ml blood) over ice. Blood samples were 
then centrifuged for 5 min at 14 000r.p.m. at 4°C. Plasma volume was 
recorded and isolated plasma was transferred to a fresh Eppendorf tube to 
be stored at -80 °C until further analysis. 



Enzyme-linked immunosorbent assay analysis. Mouse interleukin (IL)-6 
ELISA Ready-SET-Go! kit (eBioscience, Vienna, Austria) was used for 
enzyme-linked immunosorbent assay. All procedures followed the 
manufacturer's suggestions. IL-6 concentrations in the plasma were 
calculated based on standard curve analysis using the standards provided 
in the kit. 

Neurogenesis analysis 

Two injection paradigms were employed for neurogenesis analysis in the 
proliferation and survival paradigm. 30 Upon deep anesthesia by a 
ketamine/xylazine cocktail (lOOmg per 10mg intraperitoneal^; Ketasol, 
Graeub Veterinary products/ Rompun, Bayer), transcardial in situ perfusions 
were performed using 4% paraformaldehyde solution made in 0.1 M 
phosphate-buffered saline. Modified 5-bromodeoxyuridine (BrdU) immu- 
nofluorescence chemistry protocols were employed 31 and free-floating 
sections were cut on a cryostat and collected in cryoprotective solution 
(30% glycerol, 30% ethylene glycol in 0.1 M phosphate-buffered saline; pH 
7.4). Every 10th free-floating section of the entire rostro-caudal span of the 
hippocampus was used for evaluation (n = 5-6 animals per group). Double 
labeling protocols for astrocytes and mature granular neurons were 
followed as previously described. 32 

Immunofluorescence 

Doublecortin (DCX) immunofluorescence chemistry protocols were used as 
previously published. 33 Double staining of BrdU/neuronal marker (BrdU 
+/NeuN+) 31 ' 32 ' 34 and BrdU/glial fibrillary acidic protein (BrdU+/GFAP 
+) 31 ' 32,35 analysis was carried out according to published studies. 

Quantification of BrdU+, BrdU+/DCX+, BrdU+/GFAP+ and BrdU 
+/NeuN+ immunofluorescence 

For the proliferation paradigm, quantification included all BrdU-labeled 
cells in the subgranular zone of the dentate gyrus (DG). All quantification 
of BrdU-i- was performed blind to experimental conditions. For the survival 
paradigm, all double-positive cells within 50 urn of the DG were addition- 
ally quantified in order to account for cell migration. Fluorescence 
microscopy pictures were taken on Carl-Zeiss Axiovert-Apotome System 
(Oberkochen, Germany) coupled to Axiovision software version 4.8. 

Electrophysiological recordings 

Long-term potentiation (LTP) and short-term presynaptic-dependent 
facilitation were evaluated on hippocampal slices. All procedures for the 
hippocampal slice preparation and electrophysiological recordings fol- 
lowed previously published protocols with minor modifications 29 Analysis 
of data was done by an AxoClamp-2B amplifier (Bridge mode) and a 
Digidata-1440 interface and the pClamp-10 Program software (Axon 
Instruments, Foster City, CA, USA; Molecular Devices Germany, Biberach an 
der Riss, Germany). 

Gene expression analysis 

Brain dissection. Subjects were killed by neck dislocation and brains were 
rapidly dissected over ice. Isolated hippocampal tissues were stored in RNA 
later (Ambion, Vienna, Austria) at -20 °C until further processing. 

Real-time PCR (quantitative reverse transcriptase-PCR). Hippocampal RNA 
was isolated using miRNeasy kit (Qiagen, Hilden, Germnay) according to 
the manufacturer's instructions. Nine hundred nanograms of total RNA was 
used for complementary DNA synthesis following the manufacturer's 
instructions provided with Moloney Murine Leukemia Virus reverse- 
transcriptase first-strand complementary DNA synthesis kit, G1 (Biozym, 
Vienna, Austria). Complementary DNA reaction mix (1:5 dilution) was used 
for PCR amplification using the Fast SYBR Green Mastermix (Applied 
Biosystems, Foster City, CA, USA) on a StepOnePlus realtime PCR system 
(Applied Biosystems, serial number 271000455). Target genes were 
normalized to B-actin. All primer sequences are listed in Supplementary 
Materials (Supplementary Table 1). 

Statistical analysis. For analysis of the acquisition phase of the MWM and 
LTP analysis, mixed-model repeated-measures analysis of variances were 
used with acquisition days and percentage of slope change, respectively, 
as the repeated measure (within-subject factor) and treatment as between- 
subject factor. For behavioral tests, neurogenesis analysis and quantitative 
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reverse transcriptase-PCR data, Student's f-tests were carried out. Results 
were considered significant when P-values were < 0.05. All statistical 
analyses were performed using SPSS software, for windows, Version 19 
(IBM corporation, Chicago, IL, USA). 



RESULTS 

MIA induces depression-like behavior in adult offsprings 
To test the hypothesis that MIA induces depression later in life, we 
used a previously described MIA mouse model. 24,25 To ascertain 
immune activation resulting from Poly(l:C) treatment in the 
present study, IL-6 levels were assessed in the serum of the 
dam. A significant, more than 1000-fold over control levels 
increase in circulating IL-6 was measured 3 h after Poly(l:C) 
challenge (Supplementary Figure 1). 

Male adult offsprings from pregnant dams injected with Poly(l: 
C) at embryonic day 12.5 (PIC) and control animals were subjected 
to two standard paradigms assessing depression-like behavior in 
mice, the sucrose preference test for evaluation of anhedonic 
behavior and the forced swim test, measuring behavioral despair. 
A highly significant reduction of sucrose preference in the sucrose 
preference test was observed in PIC compared with control mice 
(P< 0.001; Figure 1a). The forced swim test analysis revealed 
significantly heightened levels of behavioral despair-related 
immobility in PIC male offsprings (P< 0.001; Figure 1b). 
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Figure 1. Maternal immune activation (MIA) at embryonic day 12.5 
(PIC) increases depression-like behavior in adulthood, (a) Sucrose 
preference test to measure anhedonic behavior, (b) Behavioral 
despair analysis by the forced swim test. Controls {n = 34) and PIC 
(n = 20) mice. Data represent mean±s.e.m. of PIC relative to control 
mice. ***P< 0.001. 



MIA induces cognitive deficits and impairs LTP and paired pulse 
facilitation in hippocampal slices but does not alter general 
behavioral function 

In order to examine whether depression-like behavior in PIC mice 
was paralleled by cognitive deficits, as frequently observed in 
depressed patients, hippocampal-dependent learning and mem- 
ory was tested using the MWM task and ex vivo correlates were 
examined using electrophysiological analysis of hippocampal 
slices. During the training phase, the latency over the training 
days 1 , 2 and 3 (TD1 , TD2 and TD3, respectively) to find the hidden 
platform was longer in PIC mice (significant treatment x time point 
interaction F (2 ,4 8 ) = 4.05, P<0.05) with a significant effect on TD3 
(P<0.05), indicative of deficient spatial learning capabilities 
(Figures 2a and b). During the probe trial, assessing 
hippocampal-dependent memory, PIC mice spent significantly 
less time (P<0.01) in the target quadrant, which had contained 
the platform during the training phase (Figure 2c). To control for 
possible unspecific effects of MIA on performance in the MWM, 
the open field test, examining exploratory and locomotor activity 
as well as the rota rod, for the evaluation of motor coordination 
were carried out. No significant differences in total distance 
traveled in the open field (Figure 2d) or latency on the rota rod 
(Figure 2e) were observed between groups. 

In order to corroborate that the findings obtained in the MWM 
indeed relate to altered hippocampal function, LTP and short-term 
presynaptic-dependent facilitation were evaluated in hippocam- 
pal slices of PIC and control mice. A mixed-model repeated- 
measure analysis of variance revealed deficient LTP in the 
hippocampal slices of PIC mice (significant main effect of 
treatment F (2 , 3 2) = 1 7.90, P< 0.001, significant treatment x repeat 
interaction F (2 ,32) = 4.56, P < 0.001; Figure 3a), indicative of altered 
postsynaptic activity. In addition, aberrant presynaptic function- 
ality was suggested by significantly reduced paired pulse 
facilitation in hippocampal slices of PIC mice (P< 0.01; Figure 3b). 

MIA compromises adult hippocampal neurogenesis and affects 
differentiation of neuronal cells in the hippocampal DG 
As a next step, we set out to examine potential neurobiological 
correlates of the observed depression-like behavioral phenotype 
at the cellular level. To this end, we focused on the analysis of cell 
proliferation in the subgranular zone of the hippocampal DG, 
highly implicated in the pathophysiology of depression and 
response to antidepressant treatment. 10,36 Adult hippocampal 
neurogenesis was evaluated using two standard paradigms 
assessing proliferation and survival of newly born cells using 
BrdU labeling (Figure 4a). A significant reduction of BrdU-labeled 
cells 24 h after injection (BrdU+) was measured in the hippocam- 
pus of PIC mice, indicating deficient hippocampal cell proliferation 
(Figures 4b-d). 

Quantification of BrdU+ cells 2 weeks after the first BrdU 
injection in the 'survival paradigm' revealed a significant decrease 
of surviving BrdU+ cells in the hippocampus of PIC mice 
(P < 0.001; Figures 5a-c). Next, we aimed to determine whether 
the observed findings in the survival paradigm could be explained 
by an effect of MIA on the process of differentiation into neuronal 
cells or an impact on survival of mature neurons. To this end, 
double labeling experiments with the mature granular neuronal 
marker, NeuN (BrdU+/NeuN+) and the astrocytic marker GFAP 
(BrdU+/GFAP+) were carried out. Quantification of double-labeled 
cells revealed a significant reduction of surviving mature neurons, 
indicated by a significantly lower number of BrdU+/NeuN+ 
labeled cells in the PIC hippocampus (P<0.01) compared with 
control hippocampus (Figure 5d), but no differences in the number 
of BrdU+/GFAP+ cells (Figure 5e). In order to understand at which 
developmental stage MIA affected the differentiating neurons, 
we examined the relative distributions of newly formed cells 
within three major stages of development. A characterization 
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Figure 2. Maternal immune activation (MIA) induces cognitive deficits but does not alter general behavioral function. Cognitive evaluation of 
adult PIC mice using the Morris water maze (MWM) task, (a) Latencies in the acquisition phase of MWM of PIC (red) relative to controls (blue), 
(b) Sample tracking pathways during the last training day (TD3). Target platform in top left quadrant, (c) Percentage of time spent in the target 
quadrant during the first 15 s of the probe trial, (d) Locomotor activity evaluated by the total distance traveled in the open field, (e) Motor 
coordination evaluation using the rota rod. n = 10-34 per group. Data represent mean±s.e.m. *P<0.05 / **P<0.01, n.s. not significant. 



scheme by morphological criteria (Figure 5f) during the DCX 
period, using BrdU-DCX double-labeling (BrdU+/DCX+) was 
employed. 37 A significant and selective reduction (P<0.05) of 
BrdU+/DCX+ cells in the postmitotic stage was observed 
(Figure 5g). 

MIA leads to changes in neurotrophic factor expression patterns in 
the hippocampus of adult offsprings 

To examine whether the observed behavioral and functional 
deficiencies resulting from MIA may be related to insufficient 
trophic support, we examined the expression of VEGFs and their 
respective receptors in hippocampal tissue of PIC and control mice. 
Quantitative reverse transcriptase-PCR analysis revealed a signifi- 
cant decrease in mRNA levels of VEGFA (P<0.05; Supplementary 
Figure 2a) and its receptor VEGFR2 (P<0.01; Supplementary 
Figure 2b) in PIC hippocampal tissue, whereas no significant 
changes in the expression of VEGFB, VEGFR1, VEGFC, VEGFR3 or 
VEGFD were observed (Supplementary Figures 2c and g). 



DISCUSSION 

Maternal immune activation (MIA) during gestation is known to 
cause important, irreversible changes in the fetal brain 38-41 that 
may subsequently lead to behavioral alterations related to various 
psychopathologies in adulthood. 22,24,42,43 Although there has 
been a consistent association between MIA and an enhanced risk 



of schizophrenia in the adult offsprings (reviewed in Brown and 
Susser 44 ), this association is less clear with regard to the offspring's 
chances for developing affective disorders 45 as those few specific 
epidemiological studies tackling the topic have found contrasting 
results 46,47 Why is this so? To address this question, it has to be 
considered that an individual's genetic makeup may determine 
not only their vulnerability to the impact of adverse (early) life 
events (including maternal infection), but may also define the 
specific psychopathology to which each individual is rendered 
susceptible as a result of this early environmental impact. Thus, it 
may be speculated that the relative paucity of epidemiological 
studies analyzing the role of MIA in mood disorder development 
as opposed to schizophrenia relates to a more than 80% 
association with heritability for schizophrenia cases as opposed 
to -40% for major depression 48,49 and, that, therefore, genetic 
contributions to the pathogenesis of schizophrenia are greater 
than to depression. Consequently, larger study pools with defined 
genetic and environmental risk factors are required to compre- 
hensively examine the etiology of depression in epidemiological 
analysis. 50 Accordingly, the complexity of interaction between 
genetic and environmental factors contributing to the pathogen- 
esis of depressive disorders renders the need for reductionist 
animal models even more apparent. We herein present such a 
model by specifically elucidating the contribution of a MIA as one 
single etiological component and describing its impact on 
behavioral, cellular and molecular characteristics commonly 
associated with depression. 
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Figure 3. Maternal immune activation (MIA) impairs long-term 
potentiation (LTP) and paired pulse facilitation (ppF) in hippocampal 
slices, (a) Temporal course of percent slope change of field 
excitatory postsynaptic potentials (fEPSP) in hippocampal slices 
differed significantly between PIC (red) and controls (blue) as 
evaluated by mixed-model repeated-measures analysis of variance 
(ANOVA). (b) ppF as fold change from first response. n = 16 per 
group. Data represent mean±s.e.m. **P<0.01. 

Using this model, we provide evidence for a role of MIA as an 
environmental risk factor contributing to emotional disturbances 
related to depression later in life, as augmented anhedonic states 
together with an increase in behavioral despair are observed in 
PIC offsprings. The specific relevance of the observed alterations in 
emotional behaviors to depressive disorders is supported by our 
findings on deficient hippocampal-dependent cognitive abilities 
in PIC offsprings, as evidenced by the impaired performance in the 
MWM. Compromised cognitive capacities are an ubiquitous 
characteristic in human patients diagnosed with major depressive 
disorder and have been suggested to be largely resulting from 
improper hippocampal functionality. 51 Hippocampal dysfunction 
as neurobiological correlate of the observed cognitive deficit is 
further supported by results of the ex vivo electrophysiological 
studies, reporting deficient LTP and dysfunctional presynaptic 
activity in hippocampal slices of PIC offsprings. Interestingly, 
paralleling our observations on the effects of early immune stress, 
early psychosocial stress has been reported to lead to impaired 
performance in the MWM and attenuated hippocampus- 
dependent LTP in rodents. 52 

In order to further elucidate the neurobiological mechanisms 
potentially underlying the observed behavioral phenotype in PIC 
offsprings, we proceeded to evaluate the level of neurogenesis in 
the hippocampal DG owing to its well-documented relevance for 
both depression-related behavior and cognitive function. 1 0,53-56 
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Figure 4. Maternal immune activation (MIA) decreases proliferation 
of newborn cells in the dentate gyrus (DG) of the hippocampus, (a) 
Schematic representation of 5-bromodeoxyuridine (BrdU) injection 
protocols for proliferation and survival paradigms, (b) Approximated 
number of BrdU-labeled cells per hippocampus in the proliferation 
paradigm. Sample fluorescence microscope images (20 x) of BrdU- 
labeled cells (red) show differences in proliferation between (c) 
control and (d) PIC mice. n = 5-6 animals per group. Scale bars 
denote 100 (am. Data represent mean±s.e.m. **P<0.01. 

To comprehensively characterize the potential effects of MIA on 
adult hippocampal neurogenesis, proliferation and survival of 
newly generated cells of the DG — alterations of both of which 
have been described in several animal models of depression 30,53,57 
— were analyzed. Our findings of significantly reduced basal rates 
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Figure 5. Maternal immune activation (MIA) reduces survival of new born cells and affects differentiation morphology of neuronal cells in the 
dentate gyrus (DG) of the hippocampus. Total number of 5-bromodeoxyuridine (BrdU)-labeled cells in the DG. (a) Quantification of surviving 
BrdU-positive (BrdU+) cells show significantly lower number of surviving cells in PIC mice. Sample images (20 x) depict a significant difference 
in the number of surviving BrdU-labeled cells between (b) control and (c) PIC animals, (d) Schematic and sample pictures (63 x) illustrating 
differentiation analysis by morphological criteria using doublecortin (DCX) staining, (e) Percentages of BrdU+ cells in different stages of 
developmental morphology during the DCX period, (f) PIC animals show significantly lower number of BrdU+/NeuN+ cells, (g) No differences 
observed in BrdU+/glial fibrillary acidic protein (GFAP)+ cells. n = 5-6 animals per group. Gray scale bars denote 50 (am, yellow scale bars 
denote 5 (am. Data represent mean±s.e.m. *P<0.05 / **P<0.01, ***p< 0.001, n.s. not significant. 



of neuronal precursor cell proliferation in adult PIC animals are in 
line with previous reports describing the effects of other models of 
gestational infection on adult hippocampal neurogenesis. 58,59 
Moreover, as an association between altered hippocampal cell 
proliferation and impairments in learning and memory is 
suggested, 56,60,61 impaired hippocampal neurogenesis may also 
relate to the observed cognitive deficiencies in PIC offsprings. The 
significant reduction of BrdU+ 2 weeks after BrdU administration 
could reflect the deficits in neuronal precursor cell proliferation 
over time or may relate to aberrant neural progenitor cell 
differentiation and/or survival of mature neurons. Although no 
significant differences in the number of total surviving BrdU+/ 
GFAP+ cells were found, we observed a significantly reduced 
number of surviving BrdU+/NeuN+mature granular neurons in PIC 
offsprings, suggesting a specific sensitivity of neuronal cells to 
effects of MIA. These results still do not ascertain whether MIA 
affects rather neuronal differentiation or the survival of mature 
neurons. To address this question, we evaluated the morphology 



of immature neurons, and focused on the period of DCX 
expression during which the majority of regulatory processes 
are thought to occur. 37 Quantification of three different stages of 
neuronal differentiation shows no difference on the premitotic 
and intermediate stages but demonstrated that PIC animals show 
a selective reduction of postmitotic immature neuronal cells. 
These data suggest that neurons in the postmitotic stages are 
specifically vulnerable to the detrimental impact of MIA. Moreover, 
as postmitotic neurons are also NeuN+, the reduction of neurons 
in postmitotic stage suggests that the reduced number of BrdU+/ 
NeuN+ cells mainly reflects an effect of MIA on neuronal 
differentiation. 

With regard to the mechanism potentially mediating the effect 
of MIA on behavior, hippocampal function and neurogenesis, it 
can be hypothesized that enhanced maternal production of IL-6, 
which can transfer through the placental barrier hereby affecting 
fetal brain development, 24 represents a key molecular intermedi- 
ary. Indeed, blockade of IL-6, which has been tightly linked to 
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depression in both experimental animals and human 
patients, 28,62,63 has been proven to preclude the behavioral 
effects in PIC offsprings. 24,64 

IL-6 has also been related to impaired neuronal differentiation 
in vitro, 60 suggesting that it could have a role in the observed 
disturbances of neuronal maturation in PIC mice. Intriguingly, a 
similar deficiency in neuronal differentiation with a specific 
reduction of stage-3 neurons has been recently reported in a 
different model for adult depression-like behavior resulting from 
prenatal disturbances 65 

Searching for the molecular correlates of depression-like 
behavior and deficient neuronal proliferation and differentiation, 
we went on to examine whether MIA may further induce 
alterations in neurotrophic support in the offsprings brains, which 
may be associated with the observed behavioral and cellular 
phenotypes. Although brain-derived neurotrophic factor is 
regarded as one of the key molecules implicated in the 
pathogenesis of depression and response to antidepressant 
treatment, 66,67 VEGF has lately emerged as an important mediator 
at the interface between the vascular and the nervous system 
orchestrating the cooperative link between angiogenesis and 
neural precursor cell proliferation 68 Furthermore, the VEGF 
signaling pathway has been recently implicated in the pathophy- 
siology of several stress-related disorders, including major 
depression 61 ' 65 - 69 " 71 

Although the design of the present study does not allow to 
establish a direct causal relationship between the observed 
behavioral, neurogenic and electrophysiological alterations in 
PIC mice, significantly reduced expression of hippocampal VEGFA 
and VEGFR2 may provide the molecular link between these 
phenomena as blockade of VEGFA has also been demonstrated to 
abrogate in vivo hippocampal LTP 72 and impair learning and 
memory. 16,72 Thus, as VEGF is a target of the STAT3 (signal 
transducer and activator of transcription) signaling pathway, 73 
classically induced by IL-6, we hypothesize that the effects of MIA 
on the developing fetal brain and ensuing consequences in 
adulthood may result from IL-6-STAT3-dependet aberrant VEGFA- 
-VEGFR2 signaling. This hypothesis remains to be tested in future 
experiments. 
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